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Abstract
Background Ovarian cancer is the most lethal gynecologic cancer and the fifth leading cause of cancer-related
mortality in women worldwide. Despite various attempts to improve the diagnosis and therapy of ovarian cancer
patients, the survival rate for these patients is still dismal, mainly because most of them are diagnosed at a late
stage. Up to 90% of ovarian cancers arise from neoplastic transformation of ovarian surface epithelial cells, and are
usually referred to as epithelial ovarian cancer (EOC). Unlike most human cancers, which are disseminated through
blood-borne metastatic routes, EOC has traditionally been thought to be disseminated through direct migration of
ovarian tumor cells to the peritoneal cavity and omentum via peritoneal fluid. It has recently been shown, however,
that EOC can also be disseminated through blood-borne metastatic routes, challenging previous thoughts about
ovarian cancer metastasis.
Conclusions Here, we review our current understanding of the most updated cellular and molecular mechanisms
underlying EOC metastasis and discuss in more detail two main metastatic routes of EOC, i.e., transcoelomic
metastasis and hematogenous metastasis. The emerging concept of blood-borne EOC metastasis has led to explora-
tion of the significance of circulating tumor cells (CTCs) as novel and non-invasive prognostic markers in this
daunting cancer. We also evaluate the role of tumor stroma, including cancer associated fibroblasts (CAFs), tumor
associated macrophages (TAMs), endothelial cells, adipocytes, dendritic cells and extracellular matrix (ECM) com-
ponents in EOC growth and metastasis. Lastly, we discuss therapeutic approaches for targeting EOC. Unraveling the
mechanisms underlying EOC metastasis will open up avenues to the design of new therapeutic options. For instance,
understanding the molecular mechanisms involved in the hematogenous metastasis of EOC, the biology of CTCs,
and the detailed mechanisms through which EOC cells take advantage of stromal cells may help to find new
opportunities for targeting EOC metastasis.
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1 Introduction

Ovarian cancer is one of the biggest global burdens of gyneco-
logic cancers and the fifth leading cause of cancer deaths in
women worldwide [1]. It is estimated that, in 2019, over
22,000 new cases with ovarian cancer are diagnosed in the
USA alone, accounting for 1.3% of all new cancer cases and
2.3% of all cancer deaths, which is estimated to be about
14,000 annually [2]. Despite various efforts aimed at develop-
ing effective therapies, the overall survival (OS) rate of patients
with ovarian cancer is still less than 50%, reflecting the fact that
most patients are diagnosed at a late stage. In fact, about 60% of
ovarian cancer patients are diagnosed when the tumor has me-
tastasized to distant organs, when debulking surgery and che-
motherapy are less effective and the 5-year OS rate has dropped
to less than 30% [2]. The main challenge for the early diagnosis
of ovarian cancer is the paucity of specific symptoms, so that
typical symptoms such as abdominal discomfort, nausea,
bloating and urinary urgency are often mistaken for gastroin-
testinal conditions [3]. Several studies have indicated that,
when the cancer is diagnosed at an early stage at which it is
confined to one or both ovaries, less than 10% of the patients
will succumb to the disease [2, 4]. Therefore, owing to the fact
that metastasis accounts for a high rate of ovarian cancer-related
mortality, unraveling the mechanisms underlying ovarian can-
cer metastasis is crucial for the clinical management of patients
suffering from this daunting adversary.

Up to 90% of ovarian cancers arise from neoplastic transfor-
mation of ovarian surface epithelial cells and are usually referred
to as epithelial ovarian cancer (EOC). Ovarian surface epitheli-
um is a primitive epithelium with some stromal features, but as
it progresses to malignancy it undergoes differentiation alter-
ations, including loss of stromal characteristics and gain of
Mullerian duct epithelium characteristics [5]. Therefore, unlike
most human cancers that are associated with reduced differen-
tiation, ovarian cancers become more differentiated during the
course of tumor progression. This unusual characteristic is the
basis for the classification of most of EOCs, which are defined
as serous (fallopian tubal-like, comprising about 80% of all
EOCs), endometrioid (endometrium-like), mucinous (cervical-
like) and the less common form, clear cell carcinoma [5].

Metastasis is a multistep process, beginning with the de-
tachment of cancer cells from the primary tumor and the dis-
semination of tumor cells to surrounding tissues and distant
organs. This process is the primary cause of cancer-related
morbidity and mortality, and accounts for about 90% of
cancer-related deaths [6, 7]. Several models and hypotheses
have been raised to delineate the origin of cancer metastasis.
Hematogenous spread of tumor cells is, for instance, known to
be highly dependent on hemodynamic distribution of tumor
cells into the circulation. Since organ-draining routes, in large
part, determine organ-specific metastasis of most of human
cancers, this “mechanical hypothesis” posits that tumors with

diverse draining routes may exhibit diverse metastatic patterns
[8]. However, some organs receive almost equal amounts of
blood supply, but have different tendencies for homing meta-
static cells [9, 10]. This fact has instigated scientists to suggest
a more acceptable hypothesis, referred to as “seed and soil
hypothesis”. This hypothesis, which was initially suggested
by Stephan Paget and then revisited by other researchers
[11, 12], states that regardless the blood volume that an organ
receives, due to intrinsic properties of cancer cells and extrin-
sic contributors such as receptive tissues and cells, some or-
gans are more prone to home certain disseminated/circulating
tumor cells [12–15]. This hypothesis is being increasingly
accepted for the delineation of metastatic patterns observed
for most human cancers. Since the omental surface mesothe-
lium shares its origin with the ovarian epithelium, it provides a
principal site for the metastasis of ovarian carcinoma cells. As
such, it seems that this location is a favorable site for EOC
metastasis, highlighting the importance of the “seed and soil
hypothesis”. The metastatic proclivity of ovarian cancer cells
to the omentum is thought to be, at least partly, mediated by
interaction between the human epidermal growth factor recep-
tor 3 (HER3) on the cancer cells and neuregulin 1 (NRG1) on
the cells in the omentum [16]. On the other hand, there is no
complete agreement on this concept since different studies
comparing overall genetic and expression profiles of primary
EOC tumors and metastatic lesions yielded controversial re-
sults [17–20]. Hence, it sounds rational to deduce that the
actual metastatic pattern may be a combination of the seed
and soil hypothesis and a randommetastasis of the tumor cells
within the peritoneal cavity through the ascitic fluid.

Although most human cancers basically metastasize
through hematogenous spread of cancer cells, some cancers,
including ovarian cancer, have been traditionally thought to be
spread in different manners. Ovarian cancer cells may directly
migrate into the peritoneal cavity via peritoneal fluid and, by
doing so, disseminate within the abdominal cavity. Fallopian
tubes, uterus, and contralateral adnexa are the most common
destinations of early EOC invasion, whereas bladder, rectum
and the pelvic sidewall are less commonly involved [21].
Understanding the cellular and molecular mechanisms under-
lying ovarian cancer metastasis will be instrumental for the
development of new therapeutic strategies for such a devas-
tating disease. In this review, we describe current insights into
the cellular and molecular mechanisms underlying EOC me-
tastasis. We also evaluate the role of stromal cells and ECM
proteins in EOC metastasis and discuss options to therapeuti-
cally target this daunting cancer.

2 Ovarian cancer metastasis

It has been traditionally thought that ovarian cancer metastasis
usually occurs through direct surface spread while
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hematogenous metastasis has been considered to play a min-
imal role. This notion mainly originates from the observation
that the prevalence of peritoneal and abdominal metastases is
relatively higher than that of extra-abdominal metastases [22].
Tarin et al. have shown that, although implantation of
peritoneovenous shunts for the alleviation of abdominal pain
and ascites-related distention shuttles the fluid and its malig-
nant cells into the circulation, the patients do not become
overwhelmed by distant metastases and the disease remains
confined to within the abdomen [23]. However, preliminary
evidence has recently instigated scientists to assess the role of
hematogenous metastasis in ovarian cancer (see subsection
2.2). Figure 1 depicts the different steps of EOC metastasis
and specifies the genes involved in each step. Regardless
whether peritoneal dissemination is the most common modal-
ity of ovarian cancer metastases or whether hematogenous
metastasis is an important but underestimatedmetastatic route,
the omentum is the most common site of ovarian cancer me-
tastasis. A reason for the preferential localization of cancer
cells to the omentum is the lack of a basement membrane
and the paucity of mesothelial cells on milky spot surfaces
which facilitate cancer cell invasion. Furthermore, the omen-
tum participates in drainage from the peritoneal cavity, which
may increase the chance of passive migration and attachment
of cancer cells to the omentum [4]. More importantly, it has
been reported that omental adipocytes, which are the major
cell type of the omentum, supply free fatty acids as the source
of energy for cancer cell growth [24]. In this section, we will
discuss the two metastatic routes suggested for ovarian cancer

metastasis and the arguments for considering each route as an
important metastatic modality. Thereafter, we will discuss in
detail the role of tumor stroma and ECM proteins in the pro-
motion of ovarian cancer metastasis, after which we will elab-
orate on the progress (to be) made for therapeutically targeting
this devastating disease.

2.1 Transcoelomic metastasis of EOC

Transcoelomic metastasis is the most commonly accepted
route for ovarian cancer metastasis. This metastatic route is
frequently taken and usually affects vital organs within the
gastrointestinal and genitourinary systems. Consequently, it
is thought to be responsible for the major morbidity associated
with the disease (Fig. 2) [21]. The most plausible reason for
the high frequency of this metastatic route may be the prox-
imity of the ovaries to the peritoneal cavity. The common
origin of the mesothelial surface of the omentum and the ovar-
ian surface epithelium may be regarded as another reason for
this frequent occurrence, which may be seen as a proof of
principle for the “seed and soil hypothesis” as described
above. The transcoelomic metastasis of ovarian cancer can
be divided into distinct steps including detachment of cancer
cells from the primary tumor, attaining resistance to anoikis,
dissemination into the peritoneal cavity, attachment of the dis-
seminated tumor cells to the peritoneal surfaces, invading the
mesothelium and subsequent colonization and, lastly, growth
of the invaded cells at the secondary sites.

Fig. 1 Basic steps of EOC metastasis and specific events and genes involved in each step
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A point of conjecture exists as to whether transcoelomic
metastasis is a passive or an adaptive process. In case of a
passive process, it is assumed that tumor cells with an inherent
metastatic capacity are merely detached from the primary tu-
mor, disseminated and implanted in the peritoneal cavity. In
case of an adaptive process, the tumor cells undergo a biolog-
ical evolution with challenges in each step to survive, to take
advantage of the environment and to colonize within the
transcoelom. Various studies, including transcriptomic [17,
25] and genomic [26, 27] profiling have been performed.
Several transcriptomic studies have indicated similar patterns
between the primary carcinomas and their corresponding met-
astatic lesions, supporting a passive dissemination of EOC
cells into the peritoneal cavity by ascitic fluid. In contrast, it
has been found that primary EOC tumors may be either nor-
mal or harbor few genomic abnormalities while their corre-
sponding metastases may harbor complex genomic abnormal-
ities [28], supporting a de-novo occurrence of these abnormal-
ities in the course of the disease. In the following paragraphs,
we will illustrate that in each step EOC tumor cells undergo
subtle and dynamic changes at both molecular and cellular
levels, suggesting adaptive dissemination.

2.1.1 Cell detachment and migration

Cell detachment According to the intraperitoneal dissemina-
tion, the first step in the transcoelomic metastasis of EOC is
detachment of the tumor cells from the ovarian surface. A

prerequisite for this process is the debilitation of cell-cell ad-
hesions. Given that EOC basically arises from ovarian surface
epithelium, the most prominent cell adhesion molecule in this
cancer type is epithelial cadherin (E-cadherin) [29]. E-
cadherin is a member of the family of calcium-dependent,
transmembrane hemophilic cell-cell adhesion molecules in-
volved in the formation of tight junctions and adherent junc-
tions and, therefore, it plays a pivotal role in suppression of
transformation and cell motility [30]. Down-regulation of E-
cadherin has been implicated in ovarian cancer cells in re-
sponse to various atypical conditions including hypoxia [31]
and its suppression has been found to be associated with in-
vasive properties and reduced OS rates in EOC patients [32].

The exfoliation of tumor cells from the tumor mass is as-
sociated with an evolutionary-conserved process, referred to
as epithelial-mesenchymal transition (EMT). This process in-
volves extensive morphological and molecular changes
wherein tumor cells lose their epithelial characteristics includ-
ing cell polarity, cell-cell interaction and cuboidal shape and
dedifferentiate into mesenchymal-like cancer stem cells
(CSCs). which have a higher motility and drug resistance po-
tential and can migrate more efficiently to secondary sites
[33]. CSCs isolated from ascites have been found to have a
high ability to form tumors in xenograft mouse models [34].
The migratory potential of CSCs mainly results from down-
regulation of epithelial markers, especially E-cadherin, and a
concomitant up-regulation ofmesenchymal markers, especial-
ly neuronal cadherin (N-cadherin) [33]. These changes result

Fig. 2 Two different metastatic routes of EOC metastasis.
Transcoelomic metastasis (left) has traditionally been considered as the
main route of metastasis in EOC. This metastatic route occurs through
direct shedding of ovarian tumor into the peritoneal cavity by ascitic fluid.
Omentum is the most frequent site of transcoelomic metastasis, which
may be due to the common origin of the mesothelial surface of the omen-
tum and ovarian surface epithelium. Omental adipocytes stimulate the
expression of FABP4, which is a fatty acid transporter in cancer cells.

As a result, cancer cells become able to take up fatty acids from adipo-
cytes and to use them for their growth. Hematogenous metastasis, which
until recently has not been considered as a main route of ovarian cancer
metastasis, takes advantage of the vasculature system in the ovaries which
facilitates the systemic dissemination of cancer cells. See the text for the
detailed mechanisms of cell detachment, EMT and the role of stromal
cells and factors in EOC metastasis
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in the debilitation of cell-cell tight junctions and an increment
in the ability of tumor cells to interact with stromal cells in the
microenvironment [35]. In ovarian cancer, E-cadherin can be
regulated by ZEB1/2, Snail and Slug, which are known key
regulators of the EMT process. These transcription factors can
be activated through several signaling pathways including
transforming growth factor β (TGF-β), bone morphogenic
protein 4 (BMP-4), endothelin 1 (ET-1), epidermal growth
factor (EGF) and hepatocyte growth factor (HGF) associated
pathways [35]. Up-regulation of the HGF receptor c-Met and
HGF-induced cell motility and chemotaxis has been observed
in EOC cells with high levels of c-Met expression [36]. The
microRNA-200 (miR-200) family of miRNAs has been im-
plicated in the up-regulation of E-cadherin through targeting
ZEB1/2 [37].

After the arrival of tumor cells to their secondary sites, an
epithelial phenotype is recovered by a reverse process, called
mesenchymal-epithelial transition (MET). This process results
in the re-capacitation of E-cadherin expression, suggesting a
dynamic process involving E-cadherin expression regulation,
with down-regulation being required for cell dissociation, and
subsequent up-regulation being required for invasion and im-
plantation at metastatic sites [38]. Integrins represent another
group of transmembrane proteins involved in cell adhesion
and the regulation of cell motility and proliferation [39].
Alterations in expression of integrins are implicated in meta-
static progression and proliferation. It has been shown that
deregulation of integrins may be tumor- and integrin-specific.
In this regard, up-regulation of αvβ6 integrin has been shown
to be correlated with an elevated level of extracellular matrix
(ECM) degradation in a plasminogen-dependent manner,
thereby mediating cell detachment from the ECM [40]. It
has also been reported that plasminogen-activator inhibitor 1
(PAI-1) induces binding of the urokinase-like plasminogen
activator receptor (uPAR) to ECM-engaged integrins, which
in turn facilitates the debilitation of adhesion between tumor
cells and the ECM [41].

Migration Subsequent to detachment, tumor cells are
transported through the peritoneal cavity and to the omentum
via peritoneal fluid (ascites). There are several prerequisites
for a successful migration of tumor cells through the peritone-
al cavity. First, dissemination only occurs when excess
amount of ascitic fluid accumulates in the peritoneum [42].
Under normal conditions, a natural flow of peritoneal fluid is
continuously secreted by peritoneal capillaries, needed for lu-
bricating the peritoneal organs and for uptake of soluble fac-
tors. However, in case of ovarian malignancies, two main
mechanisms cause an accumulation of ascetic fluid and, by
doing so, pave the way for the dissemination of tumor cells:
(1) secretion of vascular endothelial growth factor (VEGF),
which in turn results in hyper-permeability of the vasculature
[43] and (2) obstruction of lymphatic vessels by cancer cells,
which impedes the return of fluid through lymphatic drainage

[21]. Secretion of VEGF from tumor cells is thought to be
induced by matrix metalloproteinase-2 and -9 (MMP-2 and
MMP-9), which are type IV collagenases secreted from tumor
stroma [44]. Ascitic fluid is rich in various factors including
MMPs, urokinase-type plasminogen activator (uPA), lactate
dehydrogenase (LDH), lysophosphatic acid (LPA) and CXC
chemokine ligand 12 (CXCL12), all of which are involved in
the promotion of tumor cell growth and invasion. CXCL12
can bind to its receptor, CXCR4, which in turn results in up-
regulation of β1-integrin and enhanced invasive properties of
EOC cells [45, 46]. Malignant ascites can also stimulate the
up-regulation of CD44, a membrane glycoprotein on cancer
cells, which in turn facilitates the migration of EOC cells and
their binding to the mesothelial surface of the omentum [45].
In addition to tumor cells, malignant ascites harbors various
types of normal cells including tumor cell-associated fibro-
blasts, mesenchymal stem cells, mesothelial cells and platelets
that together form a supportive microenvironment for the
floating tumor cells [42, 47, 48].

Secondly, although part of the tumor cells in the ascitic
fluid float as single cells, the majority of them float as multi-
cellular spheroids. These spheroids can be formed by the ag-
gregation of tumor cells or by direct budding as adherent clus-
ters [22, 49]. It has been suggested that the initiation of spher-
oid formation may rely on chemotactic signals, such as hepa-
tocyte growth factor (HGF) binding, and subsequent up-
regulation of cell adhesion molecules such as α5β1 integrin
and fibronectin which can interact with each other [50].
Although the single-cell populations in the ascitic fluid contain
higher proportions of CSCs [51], regarding metastasis, spher-
oids have several advantages over single cells. Spheroids are,
for example, less sensitive to anti-tumoral immune effectors
such as antibodies and complements [52, 53]. Tumor cells in
spheroids also lack membranal FAS ligand, which is another
counterattacking strategy against FAS-bearing immune
cells [54]. Besides, tumor cells in spheroids exhibit re-
sistance to chemotherapeutic agents, which is mediated
by physical prevention of the inner cells from exposure
to drugs and up-regulation of the anti-apoptotic protein
B cell leukemia-xL (BCL-xL) [55]. In addition, spher-
oids have an increased capacity to interact with ECM
components and mesothelial cells [49], facilitating the
invasion of tumor cells into the mesothelium and their
subsequent implantation.

The third prerequisite for successful transcoelomic dissem-
ination of tumor cells is that they have to survive during the
migration and become resistant to anoikis [56, 57]. Over-
expression of RAB25 small GTPase, which is involved in
membrane trafficking, has been reported to prevent anoikis
and to stimulate anchorage-independent survival. It has also
been reported to be associated with disease-free survival
(DFS) of EOC patients [58]. Over-expression of B7-H4, a
surface protein interacting with ligand bound to receptors on
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the surface of T cells, is another contributor of transformation
and resistance to anoikis in serous ovarian cancers [59].

2.1.2 Attachment to the mesothelium and implantation

Although the exact mechanisms underlying peritoneal attach-
ment and implantation of EOC cells remain to be pondered,
dynamic regulation of cell adhesion and interaction with the
mesothelium seem to be the main players. The mesothelium
represents a single layer of epithelial cells covering all organs
within the peritoneal cavity, including the omentum and the
entire peritoneum. This layer is predominantly composed of
collagen type I and IV, laminin, fibronectin and hyaluronan,
which can interact with adhesion proteins present on cancer
cells [60].

Attachment As stated above, MET results in up-regulation
of E-cadherin expression in disseminated tumor cells and,
consequently, plays a pivotal role in the re-capacitation of cell
adhesiveness at metastatic sites [38]. Interestingly, the down-
regulation of E-cadherin and subsequent detachment of ovar-
ian cancer cells during EMT stimulates the targeting of these
cells to the mesothelium through promotion of α5β1 integin
expression which, in turn, facilitates their interaction with the
mesothelial cells lining the peritoneum and omentum [61].
This observation suggests that dynamic alteration in the ex-
pression of E-cadherin not only results in detachment from the
primary tumors, but also prepares the tumor cells to reattach to
metastatic sites in the peritoneal cavity and omentum. MMPs
act as major regulators in the early steps of mesothelial adhe-
sion. It has amply been reported that MMPs are up-regulated
during ovarian cancer metastasis and it has been suggested
that over-expression of MMPs is independently associated
with a worse OS in EOC patients [62, 63]. In this context,
MMP-2 is thought to enhance peritoneal adhesion of EOC
cells through cleavage of fibronectin and vitronectin into
small fragments. Metastatic tumor cells seem to adhere to
these small fragments more strongly than to intact ones by
using their respective receptors, α5β1-integrin and αvβ3-
integrin [64]. The tumor antigen marker CA125, a cell surface
and secretory glycoprotein over-expressed in most of EOC
cells, has also been shown to be involved in adhesion to the
mesothelium via binding to mesothelin, an adhesive protein
expressed on the surface of mesothelial cells [65]. Malignant
ascites stimulates the expression of CD44 by cancer cells,
which can bind to hyaluronan, a matrix protein that is highly
expressed on mesothelial cells [45].

Implantation Once attached to the peritoneal surface, EOC
cells embark on invasion to the subjacent mesothelium. The
invasive potential of cancer cells comes from various extrinsic
stimuli and intrinsic characteristics. For instance, LPA, which
is abundantly found in ascitic fluid and plasma of EOC pa-
tients, has been found to induce invasiveness through the pro-
motion of secretion of ECM-degrading proteases including

MMPs and uPA [66–68]. Furthermore, LPA has been found
to activate the Ras/MEK kinase 1 signaling pathway, which in
turn facilitates the redistribution of focal adhesion kinase
(FAK) to focal adhesion complexes and, thereby, promotes
cell migration [69]. TheMMP family of proteinases, including
MMP-2, MMP-9 and MMP-14, play a crucial role in the stro-
mal invasion of EOC cells [62]. It has been suggested that
deregulation of the tight junction proteins claudin 3 and
claudin 4 can increase the invasive properties of EOC cells
through increased MMP activity [70]. uPA and its receptor,
uPAR, represent other ECM-degrading constituents that have
been shown to be involved in the invasiveness of EOC cells
[70]. It has, for example, been reported that Bikunin, a prote-
ase inhibitor secreted by tumor-infiltrating macrophages, can
inhibit the invasive properties of EOC cells, possibly through
suppression of uPA [71]. Moreover, a recent study has shown
that down-regulation of Kazal-type serine protease inhibitor-
13 (SPINK13) can promote metastasis in EOC patients by
regulating uPA [72], highlighting the role of this protease in
the invasion of EOC.

Adaptation to the new microenvironment results in the col-
onization and proliferation of metastatic cancer cells in the
peritoneum and omentum. In fact, reciprocal interaction of
cancer cells with the new microenvironment is crucial for
the successful establishment of metastatic tumor. Mesothelial
cells from patients with advanced EOC have been found to
exhibit an increased proliferation rate compared to those from
healthy people, providing further evidence that these cells are
in a primed state [73]. Reciprocal interaction of cancer cells
with mesothelial cells help them to revert from a state of sur-
viving anoikis while floating in the ascetic fluid to a state of
attached growth, which is mediated by new modulators and
growth factors available in the peritoneal microenvironment
[72]. This stimulating microenvironment promotes changes in
gene expression profiles in metastatic tumor cells and facili-
tates the colonization of these cells in their new environment.
One important regulator is miR-193b, which is a tumor sup-
pressor miRNA that has been shown to be down-regulated in
metastatic EOC cells upon their interaction with mesothelial
cells [74]. This down-regulation is promoted by hypermethy-
lation of its promoter, which is mediated by increased expres-
sion of DNMT1 in metastatic cells through their interaction
with the mesothelium [74]. Down-regulation of miR-193b
stimulates the invasiveness, growth and colonization of tumor
cells as well as their metastasis in mouse xenograft models,
possibly via up-regulation of urokinases [74]. ETS1 is another
factor that is up-regulated in ovarian cancer cells through ac-
tivation of p44/42 MAP kinase signaling, which is triggered
after interaction of cancer cells with mesothelial cells at the
metastatic site [75]. Up-regulation of ETS1 in ovarian cancer
promotes metastasis both in vitro and in mouse xenografts and
predicts a poor OS. ChIP-seq and RNA-seq analyses and func-
tional assays revealed that FAK is the key transcriptional
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target and downstream effector of ETS1 [75]. Following ovar-
ian cancer cell implantation, subsequent inflammation and in-
jury promote mesothelial cells and their associated immune
and stromal cells to secrete cytokines such as interleukin
(IL)-1, -6, and -8, which enhance tumor angiogenesis and
stimulate ascites formation through elevated secretion of
VEGF. These alterations create a favorable microenvironment
for the growth of implants [76].

2.2 Hematogenous metastasis of EOC

It has widely been accepted that ovarian cancer metastasizes
via direct surface spread and exposure of exfoliated cancer
cells to the peritoneal cavity. However, the metastatic process
is not completely random and metastatic foci have a proclivity
for milky spots on the sub-diaphragmatic surface and within
the omentum [16]. Cancer cells in these milky spots take ad-
vantage of their associated lymphatic vessels for spreading
[77]. In fact, the involvement of pelvic and para-aortic lymph
nodes is observed in 70–75% of International Federation of
Gynecology and Obstetrics (FIGO) stage III–IV EOC and
provides the tumor cells the ability to enter the lymphatic
system. In this regard, nodal involvement has been shown to
increase the risk of disease recurrence [78] and to be a factor
independently associated with a poor prognosis [79].
Lymphadenectomy provides accurate surgical staging and
serves as a predictor in cytoreduced FIGO stage IIIc/IV
EOC, because it reflects the true extent of the disease through
the detection of occult micro-metastases [80]. Furthermore,
lymphovascular space invasion (LVSI), while correlated with
nodal involvement, has prognostic significance for a poor
prognosis of the disease in early stages [81, 82]. In line with
these observations, several studies have shown that ovarian
cancer patients may carry circulating tumor cells (CTCs) in
their blood [83, 84]. Studies on implantat ion of
peritoneovenous shunts have shown that, despite shuttling
large quantities of CTCs into the blood, the disease mostly
remains confined to the abdomen [23]. Recent studies have
shown, however, that CTCs in the blood of ovarian cancer
patients are associated with an advanced tumor stage, residual
disease, a poor treatment response and a poor survival [85],
suggesting that CTCs, or at least part of them, may be in-
volved in dissemination of the tumor, thereby challenging
previous findings (Fig. 2). Lastly, several studies have indicat-
ed that a majority of ovarian cancer patients carries retroperi-
toneal or distant (e.g., hepatic and pulmonary) metastases at
initial diagnosis [11, 86]. These observations, in line with
observations in sub-mesothelial disease and even within the
peritoneal cavity, have raised the possibility that a blood-borne
route for ovarian cancer metastasis may bemore common than
previously thought.

Recently, in an elegant study using a parabiosis mouse
model (in which two mice are involved, one with ovarian

cancer and one without, that share their blood supply),
Pradeep et al. found that ovarian CTCs have a preference to
metastasize to the omentum and next spread to other perito-
neal surfaces [16]. In this work, pairs of mice were surgically
anastomosed and SKOV3ip1 ovarian cancer cells, that were
injected into the peritoneal cavity of the host mice, were found
to metastasize to the omentum of the guest mice in a hema-
togenous manner. Immunostaining of sections from anasto-
mosed skin of the host and guest mice for blood (CD31) and
lymphatic (LYVE1) vessel markers revealed that the paired
anastomosed mice shared blood but not lymphatic vessels.
These data suggest hematogenous metastasis of ovarian
CTCs to the omentum. To unravel the molecular mechanism
by which the tumor cells metastasize to the omentum, Pradeep
et al. analyzed fold change differences in gene expression
profiles of SKOV3ip1 cells and SKOV3-OM3 cells derived
from omental tumors in the guest mice [16]. They found that
the epidermal growth factor receptor (EGFR)/ErbB2 network
comprised the largest number of genes that were significantly
downregulated in SKOV3ip1 cells. Of all genes of the EGFR
family ERBB3 and NRG1, which encodes the ERBB3 ligand,
exhibited a markedly lower expression. Consistent with the
fact that ErbB3 promotes EMT and motility of cancer cells,
the expression of MMP3, COL1A, vimentin, HMGA2 and
HGF was higher in SKOV3-OM3 cells, all of which are mes-
enchymal phenotype-related genes. Conversely, the expres-
sion of several regulators of EMT, including E-cadherin,
SFRP1, EFNA1 and SMAD7 was found to be lower.
Silencing of omental NRG1 and tumoral ErbB3 by systemic
delivery of small interfering RNAs (siRNAs) to tumor and
stromal cells in vivo using a dioleoylphosphatidylcholine
(DOPC) nanoliposomal platform disrupted omental metasta-
sis, suggesting that the ErbB3-NRG1 axis plays a key role in
the hematogenous metastasis of ovarian CTCs to the
omentum.

Given that the parabiosis model is cumbersome and expen-
sive, the development of more convenient models for investi-
gating hematogenous spread would be helpful to unravel the
mechanisms of ovarian cancer metastasis, which may finally
help to develop new therapies to target this crucial step in the
progression of this disease. In this regard, Coffman et al. [87]
investigated the metastatic pattern and organ-specificity of
ovarian cancer via hematogenous spread using three in vivo
models: (1) intravenous murine injection of human ovarian
cancer cells, (2) murine subcutaneous tumors and (3) human
subcutaneous tumors. They found that in all three models,
injection of high grade serous ovarian cancer (HGSOC) cells
resulted in the formation of intra-ovarian metastatic disease,
thereby demonstrating the proclivity of ovarian cancer cells
for the ovary and supporting the role for hematogenous spread
in the metastasis of ovarian cancer. In addition, although the
ovary receives less blood volume than liver and lung and thus
receives less tumor cells, this study demonstrated that the rate
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of metastasis to the ovary was not less than that to liver and
lung, demonstrating a tropism for metastasis to the ovary or
possibly an increased growth of the tumor cells once within
the ovary. Interestingly, oophorectomy resulted in a complete
loss of peritoneal metastases and ascites formation, supporting
a role of the ovary in the development of metastatic disease.

2.2.1 Emerging significance of CTCs in EOC

CTCs are tumor cells that are shed from primary tumors, re-
currences and metastases into the circulation. The release of
CTCs from the primary tumor to the bloodstream is an early
event in the progression of cancer [88, 89]. Most of these
CTCs are cleared by the immune system, but some of them
may survive and arrive at distant organs and, consequently,
form metastases [90, 91]. Therefore, the detection of CTCs in
blood of cancer patients may yield valuable information. The
presence of CTCs in blood may allow, for instance, an early
diagnosis of asymptomatic tumors [92]. Furthermore, given
that detection of CTCs in blood heralds metastatic spread, it
may be a strong predictor of disease recurrence in patients
with solid tumors. Several studies have shown that enumera-
tion of CTCs in blood may help to stratify cancer patients into
low-risk and high-risk groups and, as such, may serve as an
independent prognostic factor for OS and progression-free
survival (PFS) of patients with e.g. colorectal, breast or pros-
tate cancer [89, 93–96]. However, the traditional thought that
considers hematogenous metastasis as a rare event in the
spread of ovarian cancer, may possibly be the main reason
for the paucity of information with regard to the significance
of CTCs in patients with ovarian cancer. Owing to the current
insight that dissemination of CTCs through the bloodstream in
early stages accounts for a large proportion of tumor spread in
EOC patients, tracing of these tumor cells within the blood
may be promising for the prediction of impending metastases
and evaluation of drug responses in EOC patients.

Aktas et al. evaluated CTCs in blood of 122 ovarian cancer
patients at primary diagnosis and/or after platinum-based che-
motherapy and compared the results with the detection of
disseminated tumor cells (DTCs) in bone marrow of the pa-
tients [97]. According to their study, before surgery, CTCs
were detected in 19% of patients whereas the overall detection
rate for CTC was 27%. A comparison between DTC and CTC
showed a concordance rate of 59% before surgery and 56%
after chemotherapy. Furthermore, CTC positivity significantly
correlated with a shorter OS before surgery and after chemo-
therapy. These results indicate that CTCs, as a non-invasive
predictor of OS, warrant further attention to monitor minimal
residual disease and may serve as promising surrogate prog-
nostic markers for EOC patients [97]. Other studies have re-
vealed a similar detection rate of CTCs at baseline (24%) for
primary tumor patients, but different detection rates of CTCs
in EOC patients with regard to FIGO stage (46.4% in stage I–

II patients vs 90.7% in stage III–IV patients), OS (41 vs
5 months) and PFS (30 vs 4 months) [98, 99]. Therefore,
given that in EOC progression from intraperitoneal tumor sites
occurs earlier than the establishment of distant metastases, the
detection of CTCs appears to be associated with the occur-
rence of adverse clinico-pathological characteristics and a
worse clinical outcome. In Table 1 some important studies
are listed with regard to the significance of CTCs in EOC
and their relation to prognosis and clinical outcome.

3 Role of tumor stroma in EOC metastasis

Several studies have shown that human tumors consist of up
to 50% of non-malignant cells, defined as stromal cells [100].
During metastatic progression, cancer cells recruit these resi-
dent and non-resident normal cells and convert them into an
activated state, thereby take advantage of their supportive
properties [101, 102]. This microenvironment or stroma,
which consists of activated mesenchymal cells, such as fibro-
blasts, endothelial cells, adipocytes, pericytes and immune
cells, is usually referred to as “tumor-associated stroma”.
Tumor-associated stroma is a crucial source of growth and
tropic factors as well as ECM composition that help cancer
cells to evade various obstacles, including immune surveil-
lance. It also confers various metastatic properties to cancer
cells, such as angiogenic potential, ECM-remodeling ability,
invasiveness and proliferative properties. Furthermore, it
helps cancer cells to colonize metastatic sites. Therefore, sub-
tle cross-talk between cancer cells and stromal components
represents an important step in metastasis, and plays a pivotal
role in the invasion and metastatic colonization of different
human cancers, including ovarian cancer [101, 103, 104].
Consequently, stromal cell-mediated tumor-promoting factors
may be considered as therapeutic targets. Importantly, stromal
cells are more genetically stable than cancer cells. Cancer cells
usually acquire somatic mutations during tumor progression
and, concomitantly, acquire drug resistance [105]. In case of
EOC, key components of the tumor-associated stroma are
fibroblasts, macrophages, endothelial cells, adipocytes and
dendritic cells [103, 104]. In this section, we describe various
cross-talk signaling events between EOC cells and stromal
cells that play crucial roles in the metastasis of EOC. In addi-
tion, we will explain the role of proteases and ECM proteins in
EOC metastasis.

3.1 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are activated fibroblasts
that contribute to cancer invasiveness through stimulation of
angiogenesis, ECM remodeling and secretion of cytokines
[106, 107]. Among the various types of mesenchymal cells,
CAFs usually represent the majority of stromal cells in most
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human carcinomas [108]. Elevated numbers of CAFs have
been reported to be associated with more advanced stages of
the disease, a higher frequency of lymph node metastases and
increased lymphatic and micro-vessel densities [109].
Although CAFs are usually regarded as transformed normal
resident fibroblasts or bone marrow-derived mesenchymal
stem cells that are differentiated and recruited to the tumor
site, the exact origin of CAFs in the peritoneal milieu is still
a point of conjecture [108, 110]. Mesothelial cells have also
been considered as an important source of CAFs, since during
peritoneal dialysis mesothelial cells are transformed into
myofibroblasts through mesothelial-to-mesenchymal transi-
tion (MMT) [111]. In support of this notion, it has been re-
ported that peritoneal metastasis specimens express both
myofibroblast (smooth muscle actin α (α-SMA)) and meso-
thelial (calretinin, cytokeratin and mesothelin) markers as de-
tected by immunostaining [112]. Further studies have shown
that mesothelial cells isolated from ascitic fluid of EOC pa-
tients with peritoneal metastases can induce the growth of
xenografts through a TGF-β-Smad-mediated MMT program,
confirming the role of TGF-β-dependent bidirectional
crosstalk between EOC cells and mesothelial cell-derived
CAFs to generate a pro-metastatic mircroenvironment [113].
Another possible source of CAFs are omental adipocytes that
have undergone dedifferentiation into pre-adipocyte stem-like
fibroblasts [114–116]. This latter possibility is supported by
reports on breast and pancreatic cancers [114–116], although
its implication in ovarian cancer remains to be shown. Further
evidence comes from earlier reports on de-differentiation of
adipocytes into fibroblasts in inflammatory fibrotic lesions
observed in dysfunctional adipose tissues in patients with obe-
sity and type 2 diabetes [117].

CAFs can be activated by environmental cues character-
ized by inflammation and hypoxia through multiple mecha-
nisms. These mechanisms are triggered by secreted factors
from EOC cells such as inflammatory cytokines, MMPs, re-
active oxygen species (ROS) and TGF-β1 [118, 119].
Another mechanism of CAF activation is up-regulation of
progranulin (PGRN) peptides which can induce EMT in can-
cer cells and, by doing so, increase the expression of α-SMA
in fibroblasts. In this regard, it has been reported that up-
regulation of PGRN and α-SMA and down-regulation of E-
cadherin are associated with a poor prognosis [118, 120].
Recent studies indicate that activation of fibroblasts by cancer
cells may be mediated through communication via extracellu-
lar vesicles such as exosomes [121, 122].

A prominent EOC cell-mediated mechanism involved in
the reprogramming of normal fibroblasts into CAFs is driven
by down-regulation of miR-214 and miR-31 and up-
regulation of miR-155 [123]. This reversible mechanism re-
sults in changes in the expression of an array of targets, in-
cluding CCL5, which is directly regulated by miR-214. It has
been found that inhibition of CCL5 in nudemice injected withT
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EOC cells and CAFs markedly diminished the tumor-
promoting potential of CAFs [123]. In a survey to evaluate
the role of CAFs in the development of EOC, Zhang et al.
used anti-α-SMA and anti-fibroblast activation protein (FAP)
antibodies to quantify CAFs, and anti-D2–40 and anti-CD34
antibodies to evaluate the lymphatic vessel density (LVD) and
microvessel density (MVD) of the lesions [124]. They did not
find α-SMA or FAP positive fibroblasts in normal ovary tis-
sues, whereas a higher number of CAFs was observed in EOC
than in borderline tumors and benign tumors. Furthermore,
elevated numbers of CAFs were found to be associated with
advanced-stage disease, lymph node and omental metastases
and increased LVD and MVD scores. Molecular cross-talk
between EOC cells and CAFs affects multiple signaling path-
ways involved in tumor progression, such as the CXCL12-
CXCR4 axis, which play crucial roles in the proliferation and
invasion of various human cancers [125]. The cross-talk be-
tween cancer cells and CAFs in the peritoneal tumor micro-
environment is reported to be regulated by the TGFβ/TGFβR/
SMAD pathway in CAFs. The key up-regulated downstream
factor is VCAN, which is secreted by CAFs and promotes the
migration of EOC cells through binding to CD44 and subse-
quent activation of NF-кB, JNK, CD44 and MMP-9, and
hyaluronan-mediated motility receptor expression in EOC
cells [126]. Inhibition of CAF activation may be an interesting
strategy to impede the growth and metastasis of EOC.

3.2 Tumor-associated macrophages

Previously, it was assumed that macrophages infiltrated into
tumors may have anti-tumor activity and, therefore, be able to
kill tumor cells directly through tumor-associated immune
responses. Recently, however, it has been found that only
M1 type (classic-activated) macrophages act as anti-tumor
cells [127]. Macrophages can be re-educated by tumor and
non-malignant cells and differentiate into M2 macrophages,
which can promote tumor progression through various mech-
anisms, including attenuation of immune responses, destruc-
tion of the ECM, and inducing vascular regeneration and
cancer-related inflammation [127]. Currently, it is believed
that tumor-associated macrophages (TAMs) that, according
to their phenotype, resembleM2macrophages highly express-
ing CD204, CD206, and the scavenger receptor CD163, can
promote tumor development [128, 129]. Ovarian TAMs also
express CCL18 and CCL22 and are substantially found in
ascitic fluid [130]. Recently, expression profiling of 17 human
serous ovarian TAM samples has revealed upregulation of
typical M2 markers such as CD163 and IL-10 and M1
markers CD86 and TNF, suggesting that ovarian TAMs actu-
ally have a mixed-polarization phenotype, similar to what has
been found in other human cancers [131–134].

Since TAMs account for more than 50% of inflammatory
cells in solid tumor tissues, they are considered as the most

crucial drivers of cancer-related inflammation in human can-
cers. Therefore, they have been referred to as the seventh
hallmark of cancer [128]. TAMs have been thought to origi-
nate from circulating monocytes and infiltrating myeloid-
derived suppressor cells (MDSCs) [135], although some stud-
ies have indicated that in some tissues TAMs may emanate
from precursors positioned in them during embryonic devel-
opment [136]. Differentiation of inflammatory monocytes in-
to TAMs is triggered by RBPJ (a major Notch signaling tran-
scriptional effector), as has been shown in mouse inflamma-
tory monocytes, which are usually defined as Ly6C+/CCR2+
cells [136]. On the other hand, downregulation of the tran-
scription factor STAT3 has been found to be crucial for the
differentiation of MDSCs into TAMs [137].

Various chemo-attractants secreted from tumor cells and
stromal cells in the tumor microenvironment are known to
mediate recruitment of macrophages to primary tumors and
metastatic sites. These chemo-attractants include chemokines
(such as CCL2 and CCL5), cytokines (such as VEGF, CSF-1
and IL-34) and complement components (such as C5a) [138].
After being recruited, macrophages can alter the tumor micro-
environment and promote tumor outgrowth, suggesting that
macrophages can stimulate cancer progression through a dual
(“yin-yang”) relationship with tumor cells [139].

As stated above, the omentum is the most common site for
ovarian cancer metastasis. Comparison of the lodging of ovar-
ian cancer cells on milky spot-containing peritoneal adipose
tissue (omentum and splenoportal fat) to that of milky spot-
deficient adipose tissues (uterine fat, gonadal fat and mesen-
tery) has revealed that milky spots have an outstanding effect
on the lodging of cancer cells to the omentum and metastatic
colonization to peritoneal adipose in experimental models
[140]. Milky spots are composed of cellular aggregations of
mesenchymal cells, including lymphocytes and macrophages.
In order to reveal which of these cells is the key component in
cancer cell lodging, Clark et al. injected ovarian cancer cells
into mouse strains deficient in various immune cells [140].
They found that deficiency in neither of T, B and/or natural
killer cells could affect the metastatic colonization of ovarian
cancer cells into the omentum. In a more straightforward
study, Robinson-Smith et al. depleted specific innate immune
cells from the peritoneal cavity to determine which cell type is
the main contributor mediating inflammation-enhanced me-
tastasis of ovarian tumors in mice [141]. They found that de-
pletion of macrophages, but not neutrophils or natural killer
cells, significantly suppressed the development of primary tu-
mors and tumor progression. These studies, along with other
studies, which indicate that macrophages are frequently ob-
served in milky spots and their stimulation promotes omental
tumor growth [142], suggest that macrophages may be the
main components of milky spots involved in primary tumor
outgrowth and metastatic colonization in the omentum.
Concordantly, it has been reported that infiltration of TAMs
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is associated with a poor prognosis in EOC [143, 144]. The
most prominent cancer-related mechanism affected by TAMs
in the omentum microenvironment includes angiogenesis, be-
cause the vasculature in milky spots of the omentum is
CD105-positive, indicating active vascular sprouts and angio-
genesis [141]. Indeed, reduced expression of VEGF has been
observed in macrophage-depleted mice [141]. Therefore,
targeting both TAMs and VEGFmay be a promising approach
against ovarian cancer, not only for suppression of tumor an-
giogenesis and cancer-related inflammation, but also because
VEGF production results in vascular hyper-permeability and
accumulation of ascitic fluid. In addition, TAM-derived
MMP-9 has been reported to contribute to ECM remodeling
and angiogenesis and, subsequently, progression of ovarian
cancer [145]. Macrophage-derived proteins, such as survival
factors including IL-6, IL-8 and VEGF-C, which promote
lymphatic metastasis, have also been reported to be related
to ovarian cancer progression [146, 147]. A recent study has
also suggested that TAMs may induce proliferation and inva-
sive properties of EOC cells through up-regulation of insulin-
like growth factor-1 (IGF1) [148].

3.3 Endothelial cells

Endothelial cells cover the luminal side of blood vessels and
form tubes that direct the blood flow throughout the body.
Therefore, they are important contributors for hematogenous
metastasis. During the development of solid tumors, cancer
cells produce angiogenic factors that induce endothelial cells
of capillaries to proliferate, migrate, and form new vascular
networks. This facilitates the supply of nutrients and oxygen
for tumor growth, and also allows the dissemination of tumor
cells to distant organs [149–151]. The most well-studied an-
giogenic factor is VEGF-A, which is secreted by tumor cells
and stromal cells. This factor binds to its specific receptors,
VEGFR1 and VEGFR2, on endothelial cells and promotes
vascular sprouting and permeability [152, 153]. Other angio-
genic factors include fibroblast growth factors (FGFs) and
their receptors (FGFRs), among which over-expression of
FGF1, FGF4, FGF18, FGF19 and FGFR4 have been reported
to be associated with a poor prognosis and a decreased sur-
vival of EOC patients [154–157]. Therefore, several therapeu-
tic agents including bevacizumab and various FGF inhibitors
have been developed to target angiogenic factors [150].

Recent studies have reported that, upon stimulation by
angiopoietin 2 (Ang2), Tie2 expressing monocytes (TEMs)
were significantly increased and recruited to tumor loci in
blood and ascites samples from EOC patients [158]. This in-
crease in TEMs was found to be positively correlated with the
microvessel density (MVD) in ovarian cancer tissues where
the recruited TEMs stimulated endothelial cell function via
insulin-like growth factor 1 (IGF1)-activated downstream sig-
naling. Inhibition of IGF1 reduced TEM-mediated

angiogenesis, suggesting that the Ang2-TEMs-IGF1 axis
may serve as a promising therapeutic target in EOC [158].

Deletion of Smad4, a critical factor involved in responses
to TGF-β-related ligands, in endothelial cells has been found
to promote ovarian cancer metastasis [159]. It was found that,
although siRNA-mediated inhibition of Smad4 reduced vessel
endothelial cell tubule formation both in vitro and in vivo, it
did not affect tumor growth in vivo. However, it disrupted the
integrity of endothelial cell barriers and increased vessel per-
meability and liver metastasis [159]. The increased permeabil-
ity observed in the endothelial cells was found to be due to a
negative reciprocal regulation between Smad4 and FYN.
FYN is a member of the Src family of kinases (SFK), activa-
tion of which results in dissociation of cell-cell junctions and
adhesion and, consequently, increased paracellular permeabil-
ity. This finding suggests a role of Smad4 deletion in the
transmigration of ovarian tumor cells across the endothelial
barrier and their transformation into an invasive phenotype
[159].

Apoptosis signal-regulating kinase 1 (ASK1) is a mediator
of degradation of an endothelial junction protein, VE-
cadherin, through a lysosomal pathway. This factor facilitates
the transmigration of macrophages and, consequently, the re-
cruitment of TAMs to tumor foci and TAM-ovarian cancer
cell spheroid formation [160]. Pharmacological inhibition of
ASK1 or overexpression of its inhibitory protein (suppressor
of cytokine signaling-1 (SOCS1)) has been found to prevent
tumor-induced vascular leakage, macrophage infiltration and
transcoelomic metastasis of ovarian cancer cells in mouse
models [160]. Other studies have shown that targeting aber-
rant NOTCH signaling can disrupt the pro-tumoral endothelial
niche [161].

3.4 Adipocytes

Since the main site of EOC metastasis is the omentum, ~ 80%
of women with serous ovarian carcinoma present with omen-
tal metastases. The omentum is a large fatty structure that
covers the bowel and acts as a storage site for energy-dense
lipids besides having endocrine functions [22]. Until recently,
not much was known about why this fatty tissue is the pre-
dominant site for ovarian cancer metastasis. However, given
that an important and abundant component of the omentum is
adipocytes, it has been hypothesized that these cellular com-
ponents may play a key role in the predilection of ovarian
cancer metastasis for the omentum. Indeed, it has been found
that omental-derived adipose stem cells promote proliferation
and migration of ovarian cancer cells and confer
chemoresistance to them [162]. In line with this, it has been
found that omental adipocytes secrete several adipokines, in-
cluding TNF-α, IL-6, IL-8 and monocyte chemoattractant
protein 1, that are implicated in the homing of ovarian cancer
cells to the omentum [24, 163]. After secreting these
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adipokines, cancer cells induce metabolic reprogramming and
stimulate lipolysis in these mature differentiated adipocytes.
Using co-culture of SKOV3ip1 ovarian cancer cells and adi-
pocytes loaded with fluorescently labeled lipids, Nieman et al.
found that fatty acids are directly transferred from adipocytes
to ovarian cancer cells [24]. In fact, after reprogramming,
adipocytes have been found to stimulate the expression of
FABP4, which is a fatty acid transporter in cancer cells. As
a result, cancer cells become able to take up fatty acids from
adipocytes and utilize them for their growth (Fig. 2).
Therefore, adipocytes may support the growth of metastatic
tumors in the omentum by providing energy and stimulating
mitochondrial metabolism in ovarian cancer cells. This is
probably the reason why tumors seeded to the omentum are
usually among the largest ones in the peritoneal cavity. This
may also be an explanation for the observed association of a
high body mass index (BMI) with some types of cancers in
women, especially ovarian cancer [164, 165]. However, other
studies failed to find a significant correlation between obesity
and ovarian cancer metastasis and mortality [166, 167], sug-
gesting that adipocyte-induced tumor promotion may be a
local effect mediated by reciprocal paracrine signaling be-
tween adipocytes and cancer cells.

3.5 Dendritic cells

Dendritic cells (DCs) are professional antigen presenting cells
(APCs) that provide antigens and co-stimulatory signals to the
adaptive immune system. In steady state, DCsmainly function
as immature and weak APCs with a high ability to capture and
present antigens, but a low expression of co-stimulatory fac-
tors. Upon stimulation by bacteria, viruses, inflammation or
tumor antigens, however, they can be activated. The activated
cells are characterized by a weakened antigen capture activity
as well as an elevated expression of co-stimulatory factors,
major histocompatibility complex II (MHC class II) and C-C
chemokine receptor type 7 (CCR7), and a higher migratory
potential to draining lymph nodes [168, 169]. Therefore, in the
context of cancer, DCs activate anti-tumor responses through
induction of T cell-dependent anti-cancer immunity.

Among different subsets of DCs, inflammatory DCs (inf-
DCs) are critical components of the anti-tumor response.
These DCs are largely absent in steady state conditions and
originate directly from circulating Ly6Chigh monocytes upon
stimulation by inflammation or cancer [170]. Ly6Chigh mono-
cytes reside in tumors as monocytic myeloid-derived suppres-
sor cells (M-MDSC), which can differentiate into TAMs and
inf-DCs. According to several studies, a high concentration of
granulocyte-macrophage colony-stimulating factor (GM-
CSF) may induce the differentiation of monocytes into inf-
DCs [171, 172]. An intra-tumoral existence of CD11c+

CD11b+ Ly6chigh cells, which reflect inf-DC characteristics,
has been reported to be correlated with CD8+ T cell activation

and to be crucial for an efficient chemotherapy of cancers
[173]. Furthermore, a subset of inf-DCs has been identified
with a unique phenotype in ascites from ovarian and breast
cancer patients. These DCs are potent inducers of autologous
memory CD4+ T cells to secrete IL-17 and, thereby, stimulate
T helper 17 (Th17) cell differentiation from naive CD4+ T
cells [174]. However, tumor-associated DCs do not effectively
function in most human cancers. Instead, they may contribute
to immune suppression and the promotion of tumor growth.

In human tumors, defective differentiation of monocytes
into inf-DCs and impaired activation of inf-DCs are usually
observed. Various conditions, including hypoxia, increased
levels of adenosine and lactate and a decreased pH, may con-
tribute to the defective function of DCs. It has been reported
that in breast cancer, IL-10 inhibits IL-12 production by infil-
trating CD103+ DCs, thereby debilitating their ability to stim-
ulate T cell responses [175]. The expression of PD-L1, as an
inhibitory molecule, may also contribute to the impaired func-
tion of DCs in tumors and/or draining lymph nodes [176]. In
this regard, it has been found that increased expression of PD-
L1 in CD103+ DCs in draining lymph nodes resulted in a
mitigated production of TNFα, IL-12 and IL-1β, and a dimin-
ished T cell-stimulatory capacity of inf-DCs [177].

An important mechanism contributing to impaired antigen
cross-presentation and anti-tumor T cell response in human
cancers, especially ovarian cancer, is the accumulation of
lipids in DCs. [178]. As stated in subsection 3.4, omental
adipocytes provide energy for cancer cell proliferation. It has
been found that accumulation of lipid droplets results in en-
doplasmic reticulum (ER) stress in DCs and activation of ER
stress response factor spliced X-box-binding protein 1
(XBP1). XBP1 activation, triggered by lipid peroxidation
byproducts, stimulates triglyceride biosynthesis in DCs lead-
ing to abnormal lipid accumulation and subsequent DC dys-
function [179]. Accordingly, it has been found that deletion of
DC-specific XBP1 or selective nanoparticle-mediated silenc-
ing of XBP1 in DCs restored their T cell-stimulatory capacity
in situ and extended survival [179]. Therefore, targeting ER
stress responses in DCs may offer a unique opportunity for
immunotherapy of human cancers, especially ovarian cancer.

3.6 Role of ECM components in EOC metastasis

3.6.1 Proteases

Plasminogen activators constitute a group of serine proteases
that are involved in embryogenesis as well as many normal
physiological processes such as clot lysis, wound healing and
tissue remodeling [180]. It has been documented that uPA and
its inhibitors, plasminogen activator inhibitor type-1 and type-
2 (PAI-1 and PAI-2), as well as its receptors (uPAR and
CD87), play essential roles in tumor invasion and metastasis.
Overexpression of uPA and PAI-1 has been reported in more
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than 75% of primary ovarian cancers, and to be considerably
linked to chemoresistance, tumor stage, differentiation grade,
residual disease and an aggressive behavior of tumors [181,
182]. Furthermore, the levels of uPA and PAI-1 in tissue and
serum have been reported to serve as independent prognostic
factors correlated with short PFS and OS times [183]. In this
regard, uPA inhibitors should be further investigated as poten-
tial therapeutic tools in patients with advanced EOC [184].

Over-expression of MMP-9 has been reported in EOCs
compared to adjacent normal tissues [185, 186]. Kosma
et al. evaluated the expression of MMP-9 in 292 primary tu-
mors and 31 corresponding metastatic samples from EOC
patients [187]. According to their study, lower expression of
MMP-9 in cancerous cells, rather than its high stromal expres-
sion, was correlated with advanced tumor stages. Stromal
MMP-9 expression was significantly correlated with
hyaluronan expression, whereas MMP-9 did not correlate
with CD44. Furthermore, high expression of stromal MMP-
9 was found to be inversely correlated with OS. Taken togeth-
er, they concluded that MMP-9 may have dual role in metas-
tasis, acting against tumor progression when present within
tumor cells and increasing invasion when present in the stro-
ma [187].

Cathepsin L (CL) and heparanase (Hpa) are matrix hydro-
lases participating in degradation of different ingredients of
the ECM and, therefore, play crucial roles in many normal
cellular processes as well as in tumorigenesis. These proteases
have been reported to be associated with invasion and metas-
tasis of EOC [188, 189]. Serum levels of these proteins are
higher in patients with ovarian cancer than in healthy women
and exhibit significant correlations with their levels in tissues
[190]. Therefore, it is potentially possible to introduce them as
biomarkers for estimation of the degree of malignancy in EOC
patients [191].

A disintegrin and metalloproteinases (ADAMs) have been
a focus of attention because of exhibiting both adhesion and
proteolysis features. ADAMs can interact with integrins to
modulate cell proliferation, adhesion and migration indepen-
dent of their metalloproteinase activity [192–194]. Chang
et al. reported that the mRNA and protein levels of
ADAM23 were significantly lower in EOC tissues than in
corresponding control tissues [195]. Loss of ADAM23 ex-
pression was found to be significantly correlated with tumor
stage, lymph node metastasis and a shorter PFS and OS in
patients with EOC. They also claimed that ADAM23 serves
as an independent predictor of survival in EOC patients [195].

The kallikrein-related peptidase (KLK) family of serine
proteases is another important protease family, of which up-
regulation has been observed in EOC [196, 197]. KLKs par-
ticipate in the degradation of ECM molecules such as fibro-
nectin as well as in activation of growth factors and other
proteases [196, 198]. Clements et al. found two transcripts
of KLK7, KLK7–253 and KLK7–181, which were

simultaneously expressed in high-grade serous EOCs.
Particularly, over-expression of KLK7–253 has been ob-
served in SKOV-3 cells with multicellular aggregates
(MCA) that make them resistant to chemotherapy. Inhibition
of MCA using antibodies against KLK7 and α5β1 integrin
confirmed the cooperation of KLK7 with integrin in cell ad-
hesion, and resulted in increased α5β1 integrin and KLK7
levels and a further connection to fibronectin and vitronectin
in ascitis-derived serous EOC cells [199].

Another relevant protease involved in ECM stability is
asparaginyl endopeptidase (AEP). AEP is a member of the
C13 family of peptidases and is specific to asparagine bond
cleavage [200–203]. AEP is expressed in the ECM of tumor
cells as well as in normal cells. It has been shown that this
protease is over-expressed in a variety of cancers including
EOC [204]. This protease may be considered as a predictor of
tumor grade and FIGO stage in EOC, although further inves-
tigations are needed to unravel its functional role in the devel-
opment of EOC [204].

Finally, SUMO-specific protease 3, which has recently
been considered as a crucial factor in proliferation and ribo-
somal RNA processing, has been found to be elevated in EOC
and to be correlated with tumor stage, grade and metastasis,
suggesting that this protease may serve as a promising prog-
nostic factor for EOC patients [205].

3.6.2 Other ECM components

Integrins and cadherins are two types of cell adhesion mole-
cules of which the expression has been reported to be altered
in EOC both in vitro and in xenograft nudemouse models [50,
206]. Moreover, human samples collected from ovarian can-
cer patients showed co-upregulation of Wnt11, E-cadherin
and N-cadherin accompanied by down-regulation of
EpCAM and CD44. It has also been shown that the expres-
sions of α5, β2, β3 and β6 integrins was significantly re-
duced in EOC tumor samples [207, 208]. Furthermore, β1
integrin, which is known to interact with almost all common
components in the ECM [209], has been reported to be highly
expressed in EOC and to be correlated with a poor prognosis
[199, 210]. It has also been found that over-expression of β1
integrin can increase EOC cell migration and MMP-
dependent cell invasion [209, 211, 212], although the molec-
ular mechanism by which this protein is regulated remains to
be resolved [210].

Mucins are highly glycosylated ECM proteins that are
expressed by various epithelial cells. Mucins are dual-role
players of the ECM since they can act as a protective barrier
for the epithelium and as sensors of external environments to
transmit signals to cells. Altered expression of membrane-
dependent mucins may be accompanied by tumor cell prolif-
eration and migration [213–215]. Concordantly, studies have
shown that some members of this family, including MUC1,
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MUC2, MUC4,MUC13, MUC16 andMUC20, are aberrantly
expressed in EOC [216, 217]. Huang et al. reported that
MUC20 over-expression predicts a poor prognosis and in-
creases EGF-induced malignant phenotypes via activation of
the EGFR-STAT3 pathway. TheMUC20-enhanced malignant
phenotypes were mediated by activation of β1 integrin and its
downstream signaling [218].

4 Therapeutic approaches for targeting EOC
metastasis

The management of metastatic disease in various types of
solid cancers is of great importance. Knowledge from a wealth
of fundamental research and clinical studies has revealed a
wide range of effective strategies to target metastasis.
Considering that metastases predominantly originate from in-
vasive tumors, there is a tendency for developing strategies to
target tumor cell-intrinsic invasive properties [219, 220].

Since transcoelomic metastasis has been considered as a
main route of metastasis in EOC, most therapeutic approaches
for targeting EOC metastasis included debulking surgery and
systemic chemotherapy. However, considering the emerging
importance of hematogenous metastasis in EOC, novel thera-
pies have been developed to boost conventional therapies.
Moreover, analysis of the functional contributions of various
steps in the metastatic process, such as tumor cell dissociation,
physical translocation and colonization of disseminated tumor
cells at secondary sites, has resulted in the identification of
several molecular targets that have successfully been utilized
for therapeutic intervention [221]. Recently, the development
of targeted therapies against ovarian cancer metastasis has
been the subject of many studies [219, 220, 222, 223].

Given that successful development of effective anti-
metastatic therapies will require inhibition of growth, many
strategies have been aimed at targeting angiogenesis, regulat-
ed mainly by VEGFRs, to prevent the progression of metas-
tasis. Most of our current knowledge about the anti-
angiogenic therapies comes from experience of using
bevacizumab [221, 224, 225]. Bevacizumab, a recombinant
humanizedmonoclonal antibody targeting VEGF-A approved
by the FDA for several epithelial malignancies, is the first
agent that has been used for targeted therapy in EOC [226].
Next to a successful monotherapy with bevacizumab for the
treatment of EOC in several phases of different clinical trials,
in advanced and relapsed platinum-resistant ovarian cancer
bevacizumab increased the efficacy of chemotherapy [227].
Although bevacizumab is currently the only approved anti-
angiogenic agent for the treatment of EOC, many other
protein-based anti-angiogenic agents, including aflibercept (a
recombinant chimeric soluble decoy receptor that binds to and
neutralizes all isoforms of VEGF) and AMG-706 (a nicotin-
amide-based, ATP-competitive inhibitor peptibody that

predominantly targets receptor tyrosine kinases, including
VEGFR1/2/3, c-Kit and RET) are under development for
achieving clinical benefit in targeting EOC metastasis [221,
228].

Small-molecule tyrosine kinase inhibitors targeting
VEGFR1/2/3, FGFRs and platelet-derived growth factor re-
ceptors (PDGFRs) represent other compounds with anti-
angiogenic activity. In addition, multiple known drugs such
as pazopanib, sunitinib, BIBF 1120 and sorafenib, have been
shown to increase the DFS and OS of EOC patients in several
clinical trials [229].

Interestingly, an increasing body of evidence has shown
that miRNAs are implicated in the invasion and metastasis
of ovarian cancer cells [230]. Several studies have revealed
that the deregulation of specific miRNAs is related to tumor
angiogenesis and have suggested new possible therapeutic
opportunities [231]. In this regard, miRNA profiling of patient
data sets has shown that miR-204-5p regulates angiogenesis
and metastasis processes of ovarian tumors [230]. In addition,
miR-203, as a tumor-suppressing miRNA, has been shown to
inhibit EMT through targeting BIRC5 and Snai2, resulting in
suppression of ovarian tumor metastasis [232]. Another study
has shown that expression of miR-7 reversed EMT and
inhibited EOC metastasis [233]. These data suggest that
miRNAs represent attractive therapeutic targets for ovarian
cancer metastasis intervention. Therefore, it will be important
to carefully assess the therapeutic potential of miRNA-based
agents for translation to clinical application, before actually
entering clinical trials.

Overall, a better understanding of the molecular mecha-
nisms underlying ovarian cancer metastasis, especially the
blood-borne route, and in-depth evaluation of responses to
novel therapeutic modalities, are crucial for the implementa-
tion of more effective targeted therapies to improve the clini-
cal outcome of patients with EOC [228].

5 Conclusions and perspectives

The five-year OS rate of patients with EOC is less than 50%.
This survival rate decreases to less than 30% in the patients
who are diagnosed at an advanced stage, when the tumor has
metastasized to a distant organ. Therefore, finding novel strat-
egies to ameliorate the survival rate of these patients is of
paramount importance. The development of such strategies
is highly dependent on the identification of novel cellular
and molecular mechanisms involved in the initiation and pro-
gression of tumor growth and metastasis.

Previous approaches to prognose, diagnose and treat EOC
were merely depended on the assumption that transcoelomic
metastasis is the only important route of EOC dissemination
and metastasis. However, recent findings regarding the hema-
togenous metastasis of EOC have challenged this assumption
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and opened up new avenues in this field. As such, anti-
angiogenic agents including bevacizumab and aflibercept are
being tested as targeted therapeutics to impede angiogenesis
and inhibit the hematogenous dissemination of EOC tumor
cells. Additionally, recent studies have shown that the detec-
tion and enumeration of CTCsmay herald poor prognosis and,
therefore, this is becoming an appealing approach for
the stratification of EOC patients into high-risk and
low-risk groups. An important attribute of blood sam-
pling is that it is non-invasive and can be performed
repeatedly, although the scarcity of CTCs among blood
cells may require sensitive methods for their detection.
In vitro culturing of CTCs and the generation of CTC-
derived xenograft (CDX) models may help to overcome
this limitation. CTCs may also be considered for the
development of new strategies for the early diagnosis
of EOC, since CTCs are shed directly from primary
tumors during early tumor formation. In addition, molecular
characterization of CTCs can be employed for real-time mon-
itoring of the tumor burden at all stages of its development
and/or treatment. CTC characterization may also be instru-
mental for the development of new targeted therapies.

Non-malignant stromal cells, which constitute up to 50%
of the cells in the tumor mass, represent another set of inter-
esting targets for the development of novel EOC treatment
approaches. For instance, VCAN, which is the key molecule
involved in the cross-talk between cancer cells and CAFs,
may be a promising target for the debilitation of CAF-
induced growth and motility in tumor cells. Furthermore, sup-
pression of M2 type TAMs may help to inhibit the formation
of a pro-inflammatory microenvironment, which forms a fa-
vorite niche for the growth of tumor cells. More importantly,
targeting adipocytes, via inhibition of their reprogramming or
neutralizing them through suppression of FABP4, may be of
interest for the development of strategies to starve cancer cells
in the omentum. ECM components, including proteases and
structural proteins, have frequently been reported as prognos-
tic EOC markers and hold promise for the targeting of EOC
metastasis. Therefore, tumor stroma should be considered as a
highly potent target for EOC treatment. Taken together, we
conclude that a further understanding of the cellular and mo-
lecular mechanisms involved in the growth and metastasis of
EOC may pave the way for its successful targeting and for
improving its cure rate.
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